A negative-working photosensitive polyimide (PI) precursor based on a low dielectric polyimide precursor having a low coefficient of thermal expansion (CTE) and 1,4-dihydropyridine (DHP) as a photosensitive compound has been developed. Co-polyamic acid(Co-PAA)s were prepared by ring-opening polyaddition of aromatic dianhydrides with diamines. The dissolution behavior of Co-PAAs containing DHP after exposure was studied and it was found that the difference of dissolution rate between the exposed and unexposed parts was enough to get a high contrast due to the photochemical reaction of DHP in the polymer film. The cured Co-PI film at 3 80 °C showed the low coefficient of thermal expansion of 20 ppm and the low dielectric constant of 2.7 at 1 MHz.
Introduction
Polyimides (PIs) have been widely used in the electronics and aerospace industries because of their excellent thermal, electrical and mechanical properties.
Especially in LSI industry, the scaling of transistors toward smaller dimensions, higher speeds and lower power, have created needs for low dielectric constant interlevel insulators [ 1 ] . Recently, PIs with a lower dielectric property and a higher dimensional stability are also required to develop high speed multilayer printed wiring boards (PWBs) and minimize the stresses between the films and the substrates [2] . Furthermore, a direct photo-patterning ability is necessary for PIs to reduce the number of processing steps in microelectronics fabrication by eliminating the need for photoresists.
The general methods for reducing dielectric constants of PIs are to introduce low molar polarization atoms per molecular volume, bulky structures and low orientated structures in the PI backbones.
The relationship between a dielectric constant (E), a molecular density (d) and a molecular polalization (P) is expressed as eq.(1). Eq (1) indicates that smaller d and P lead to smaller E [3] .
Other factors influencing dielectric properties are a charge transfer complex (CTC) [4] and absorbed water [s] .
Formation of CTC occurs between alternating electron-donor (diamine moiety) and electron-acceptor (dianhydride moiety) moieties and causes colorization and higher dielectric properties.
To prevent these undesirable phenomenon, it is effective to introduce lower it-electron density structures such as electron-withdrawing units or aliphatic moieties to PI backbone.
Recently, we reported the synthesis of highly dimensional stable PIs with the low dielectric constant and found that the coefficient of thermal I. Photopolym. Sci, Technol., Vol.14, No. 1, 2001 expansion (CTE) of polymers can be controlled by changing the molar ratio between flexible monomers and rigid monomers [6] . These findings prompted us to develop a new PSPI with the lower dielectric constant and higher dimensional stability.
We now report the negative-working photosensitive alkaline-developable polyimide having the highly dimensional stability and low dielectric constant based on copoly (amic acid) (Co-PAA) using 1,4-dihydropyridine (DHP) as a photosensitive compound. 2.3. Co-polyimide(Co-PI) film formation DHP(5-50 wt% of the total solid) was dissolved in Co-PAA / NMP solution. Films cast on glass plate was heated on the hot-plate in the following steps: 90 °C, 15 min, 180 °C, 10 min. Then the film was heated in vacuum oven at 380 °C for 2h. The resulting PI film was flexible.
Lithographic evaluation
20 wt% of Co-PAA in NMP solution was added DHP (1050 wt% of the total solid). The solution was spin-coated on silicone wafer, was prebaked at 90 °C for 15 min, and then exposed to a 250W filtered super-high-pressure mercury lamp using mask aligner (Mikasa MA-60F).
Imagewise exposure was carried out in a contact mode. The exposed film was baked at 180°C for 10 min and the film was developed with 5% tetramethylammonium hydroxide (TMAH) aqueous solution containing isopropanol (IPA) at 40 °C.
Measurements
Thermal analyses were performed on a Seiko SSS 5000-TGIDTA 200 instrument at a heating rate of 10 °C/min for TG and a Seiko SSS 5000 DSC220 at a heating rate of 10 °C/min for differential scanning calorimeter (DSC) under nitrogen. The film thickness was measured by surface texture measuring instrument with Dektak 3030 system (Veeco Instrument Inc).
The dielectric constants were measured by a Hewlett Packard 4284A Precision LCR at 25 °C. Specimens for samples were subjected to drying at 120 °C for 30 min to eliminate absorbed water. Propagation velocity was measured by a Hewlett Packard time domain network analyzer equipped with digital osilo scope(HP54120B) and 4ch test set(HP54121) using 500kHz pulse signal.
Results and discussion 3.1. Synthesis of Low Dielectric Constant Polyimide
For the synthesis of a low dielectric constant polyimide(PI) precursor, a aromatic PI backbone having high thermal stability and excellent mechanical properties was selected. Aromatic PIs form intra-and intermolecular charge transfer complexes between imide rings and phenyl rings attached to the amino groups. They induce a coloration and increase the dielectric constant. To overcome these problems, it is very effective to decrease the ic-electron density of phenyl ring attached to the amino group and to have no conjugation between aromatic moieties. Eq. (2) is Tablel.
P and V values of various atomic groups the well known Clausius-Mossotti equation used for calculating the value of dielectric constant (Ii) of polymers [3] .
(E-1)/(E+2) =P I V (2) where P is the molar polarization (cm3/mol) and V is the molar volume (cm3/mol). The values P and V in eq. (2) are obtained as the sum of the P and V values for the atomic groups comprising the molecule. The P and V values of various atomic group are listed in Table 1 . As shown in Table 2 , four diamines with rigid structures (FKRT-1 FKRT-4 ) having lower P/V values to satisfy the above factors were selected. 4,4'-Hexafluoroisopropylidenebis(phthalic anhydride)(6FDA) was used as a tetracarboxylic dianhydride because of lower P/V value structure among commercially available monomers. Polyamic acids (PAAs) were prepared by the polycondensation of 6FDA and diamines. The reaction was carried out in NMP. The solution was cast on a glass plate and converted to PI by thermal treatment at 380°C for 2h in vacuo. Table  3 summarized the results of properties of PIs. Dielectric constants of all PIs were around 2.5 at 1 MHz with 54-62 ppm of CTEs. The € was found to be well correlated with calculated value which estimated by the Clausius-Mosotti equation (2 DHP is well known as a photosensitive compounds and is converted to corresponding pyridine derivative after UV exposure [8] , and has been utilized for PSPI precursors [7] . Fig. 1 shows the patterning process using Co-PAA and DHP. After preliminary optimization studies involving the loading of DHP, post exposure bake (PEB) temperature, developer, and developing temperature, we formulated a PSPI system consisting of Co-PAA (80 wt%) and DHP (20 wt%). A clear solution of Co-PAA and DHP was spin-coated on silicone wafer and dried at 95 °C for 15 min. After UV exposure( 300 -700 mJ/cm2), PEB was performed at 180 °C for 10 min and the film was developed with 5% tetramethylammoniumhydroxide (TMHA)/IPA soloution at 40 °C. After development, Co-PAA pattern was converted to PI by thermal treatment at 380°C for 2h in vacuo. The PSPI system was capable of resolving 20 µm line and space(L&S) pattern when a 10 pm thick film was used.
Properties of PSPI films
Properties of PSPI films prepared from Co-PAAs and DHP are summarized in Table 4 . It is found that PSPIs have lower CTEs (18-20 ppm) and lower dielectric constants (2.7 -3.0 @ l MHz) than those of conventional PIs. These Co-PIs would be expected to form flat wiring 
Propagation property
Propagation velocity of signals is expected to be faster when low dielectric insulating material were used. In order to clarify the effect of low dielectric property on propagation efficiency, propagation velocity was evaluated using FK-1 and conventional PIs. The propagation property was measured using time domain reflectiometry (TDR) technique, which is used to detect discontinuities of signal lines including both radio frequency (RF) and optics transmission paths [9] . The theory of TDR is based on the fact that an incident step wave will experience reflection when it encounters a discontinuity junction of circuit.
So, the propagation velocity by measuring the time (t) required for the signal passes through the microstrip line was measured. Test patterns having two uniform microstrip line (40mm length) on 10 µm thick PIs insulating layer were used. The results are shown in Fig.3 . These test patterns have the same cross-sectional shape and physical length, from the left end to the right end. The transient ripples were observed at the input and the output position due to the discontinuity junction. Whereas the pass through time t was 0.440 ns using conventional PIs as an insulating layer, t=0.41 ns was obtained when FK-1 insulation layer was used. Ass shown in eq.(3), the propagation velocity (V) is simply proportional to the dielectric constant, if the other parameters are same.
where k is a constant and C is a velocity of light. In this case, experimental results and the calculated propagation velocity (Vcalcd .) from eq. (3) showed good agreement as shown in Table  5 . The propagation velocity was improved about 7% compared to those of conventional PIs. Therefore, lowering the dielectric constants of PI layers is effective to give high performance PWB applications required for high speed data transportation.
Conclusion
Co-polyimides (Co-PIs) with low dielectric constants and high dimensional stability were synthesized by copolymerizations of 6FDA with rigid diamines. These Co-PI precursors containing DHP were found to act as the negative-type PSPI precursors. Physical properties of PSPI films after development and cure were enough to be actual applications. Furthermore, the higher propagation velocity was obtained using FK-1 as an insulating materials because of lower dielectric properties than that of conventional PIs.
